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/.3ST?..'.CT - 


In tae manned space ?’..grera, a good deal of effort has been devote' 1 to 
oe/elopin?; a system for xhe raeov-ry cf .atom from urir.e. Processes involving 
the use of external liovsr yield, a satisfactory product or.ly after extensive 
post treatment, usually involving physical chemical methods. This invssti- 
ga.v.on centers on tnc svnluatica ;..vi possible cevelopsant of physical ohenioo? 
mv.ic^j for the c-of.vers.lon of urine into water suitable for drinking or other 
uses in fallout shelters cr.d other isolated sites. 


The capacity of the multiple and mixed bed ion exchange for the deminorsl- 
ir at ion of urine; and cf activated career, for the removal of urea, foaming 
agones, and color were evaluated. Reaction rates and products were determined 
for the oxidation of urea with calcium Hypochlorite and with nitrous acid■ The 
hydrolysis of urea -.iv.hout 'buffer using the enayae urease was explored, A 
stra.g.iyacidic ciCXonuted polystyrene exchange resin war. found to bs effective 
for tno removal cf urea from, urir.e. Experiments on the precipitation of chlo¬ 
ride and eurocrats, cither present in urine or -a reaction product, with silver 
salts were conducted. 


A water recovery system, synthesised from physical chemical processes for 
short term, missions {2''0 man-day) is equal or superior to the cost available 
(although no process is yet fully feasible) process developed for water re~ 
covery in the space field when compared on a volume requirement oasis; 

In general, tho capacity of physical chemical.processes for the removal 
of a constituent from an aqueous solution is substantially higher than the 
corresponding capacity for tho removal of the seme constituent from urine. 

The control cf fcoiiingis a major consideration in the 1 chemical oxidation of 
urea in urine. For demineralization of urine, multiple bed ion exchange 
functions at 1/4 the rated c-rpncity; mixed bed, at 3/4 the rated capacity. 
Activated carbon adsorbs urea to tho current of 4.2/3, by weight; and removes 
one molecule of chloride ion for each molecule cf urea adso bed. Color sub¬ 
stances and foamd r' \-e;;tr in urir.e is reduced simultaneously with the removal 
of urea. The capac.. *" ,R120’ exchange resin fer the ronovol of uroa from 
wine is V? the rated capacity. Per tno oxidation of uroo in urine, * 40;. 
the stoichiometric quantity cf hypochlorite end 1 JCJ1 of nitrous acid is 
necessary. 

Dietary control of the inter.o of protein by or. individual can reduce the 
amount of urea excreted by a factor of 2 to 7 end should be exploited and 
practiced, if possible. 


Key words: 


water recover, u.rine conversion, ion exchange, adsorption, 
fallout shelters, oxidation of urea. 
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DJTRGDUCTICii 


In addition to -individual family shelters there exists a trend toward 
moderate and large-size, community fallout shelters suitable for 30 or more 
persons. In addition to raciiation shielding, survival in such shelters would 
uepehd upon an adequate air, water and food supply. The standard recommenda¬ 
tion for a comfortable water supply is two quarts per day per person. Shelters 
are normally stocked with a two weeks 1 food supply, and since an individual 
can survive two or more weeks without food, a minimum of a four weeks’ water- 
supply should bo considered as the optimum quantity. The space required for 
storage, at the recommended, rate of consumption of 15 gallons per person per 
month, would be approximately 100 cubic feet for 50 persons. In shelters, it 
is generally desiranle to minimise the -space required for storage. 

In any environment, the oont.ol of communicable disease is.-connected 
intimately with water supply and waste-water disposal, problems. If a stored 
water simply is to be used, continuous surveillance of the quality of the 
water is necessary. A process-which both provides a continuous potable water 
and simultaneously solves the problem of urine disposal is desirable. In ary 
event, potential public herlth k-.zards end nuisances arsecir.t.,1 with the 
handling.of urine must be controlled. 

Most existing methods for the production of drinking water from urine, 
such.as distillation, dialysis,-etc., require an external source of energy. 

A physical chemical process which occupies a minimum amount, of space, which 
ha 3 a capacity- to meet varying demands, and which does not require an external 
energy supply is advantageous from the points of view-of. survival and practi¬ 
cality. such a system could provide water for drinking or other domestic 
purposes for an extended period of time. 
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The envelopment of such j process in "ilvo ’’the removal of en¬ 

able materials from urine in crier tc produce a nigh-quality vator. The 
design would ikcau'o ec- tcid<nal,ic..£> of capacity, g-o.r.-jtry, service life, and 
product quality. 

hn.kctivn 


. aeries of physical-chemical processes for the coir/ers-icn of urine into 
a continuous . phi., f drinking no tor was ovelratsd for the purpose of dovnl- 
crlnr. r- water recovery sytten. Jn.cn a scheme would have greatest utility in 
emergency cas- s where no external source of water or power is av.-ilr.blo, e.g;, 
fallout siieltcrs and other isolated sites to which a group of people may be 
confined for a period of time. 


A grant deal of effort has bcor. focused on the research, design, and 
development of systems for the recovery of water from-urine for manned space 
ri.,. f -vn.-.o Of the many prcc.csscr iuv.jsf^jaLc;, e.g.., electrolysis, cell-fuel 
o;'i ; .■esc crystal!cation, rr.er..r.rai:ti electrodiajysis, vacuum distillation, 
v'f.cxur pyrolysis, vapor ccmpreccion, etc., none are presently operational nor 
practical. The effects of ingestion of recovered wazcr.’hava boon .-studied only 
fer -the distillation process with post treatment of vapor or distillate. It 


is generally concluded that physico-chemical 1 methods- of treatment am suitable 
for missions of short duration only. Utile it is generally recognized that 
tiie quality of water .recovered from most processes involving heat is so poor 
as to require extensive post treatment (usually pliysino-cfcemical methods), 






very little work has been si::ei at Jeveloaing these post-treatment Methods 
as the primary recovery pr~;e?r. 

BeaaJL'3 ox the shore Mission character o i u.is present problem >.nd the 
■r. .v.r ability of xdri.ru. zing the-external power requirements cl any emergency 
xv.it. the present studies, are aimed at developing one or a series of physicc- 
ch roical processes fer the ’’recovery of. water from urine.- Greater emphasize 
: .?s been placed on investigatirg-preces/e's for 1 the removal of, urea as con¬ 
trast?/! to investigating process/s for fens ro..ivv'l of inorganic or ionic, 
constituents. Technology for reducing ths io.,ie concentration of sea water 
nas. seen developed during horid' bar Il-in connection, with i.-rovidxrg emergency 
dssalti'-s kits for pilots. 

Schemes for the removal of uroa from urine were suggested by available 
methods for its -analytical determination. Ion exchcr.ge; enzymatic hydrolysis; 
precipitation; oxidation of urea with nitrous acid, and caloi urn-hypochlorite; 
and adsorption of urea on activated carbon were investigated. Demineralization 
o.i’ urine, using multiple and mixed bed ion-exchange columns operated on an 
acid-base, silver-base, and silver-chloride cycle, was explored; Treatment 
of urine with a mixed bed of .tor. exf ••ugo resins pi’J3 activated carbon was also 
evaluated, Urea precipitates considered were urea-nitrate, urea-paraffin, and 
urea-xanthydrol. Combination of precipitation end oxidation methods are dis¬ 
cussed whenever the oxidation products of uvjU are ionic. 

The water quality criteria of potability 03 prorr.ugated by t’ro U.S. 

Public Health Service reflect a summary of our experience »4tn surface waters 
end are not applicable to the problem at-hand, although widely misused by the 
uninitiated 1 scientists and engineers who are not aware of'the basis for the 
standards. In this study, the gross constituents of urine after the various 
treatment processes are indicated but no conclusions with respect to potability 
are made prematurely; 





PERTINENT CONSIDERATION'S 


The water balance in :.vin is sensitive to enyj ronnental conditions, dioiul .*■' r 
fccl.y weight, and the level, of activity. For an adult, under normal circw>u: ,cr r.;:. ci ■ ,v.~ 
■■^3, 1 rj. of water is required per Calorie of food intake. Since yater.no ik;. fi..;e -v.ier 
’■? r.uwplieq >artly through food .ahd partly through the oxidation of the :dda!ion of tn: 
hydrogen of the food, approximately * liter of wstsr per day ausu .be drunk io; muo* o.- dr^.J: 
t' .win tel.. ir :.-_ter IX'.Vrtee, The volume of urir.e siiopv normal conditions ;• normal cor !'«,!'; 
f* •*’ ari average-si..o man. is 1 .1:3 1 per day; & water recovery system re soy -:y ry.-l*’* 

D'i two p'vi'ificacion of os.-ine e<. opera-o cn u n tO'i volumetric of ficip, •'.iui .tsic efficienc 
The chemical and physical characteristic 3 cf-.urine vary with-the diet very with tec ; Ini 
cf tns individual and the lengtn of time elapsed between excretion and unoly evo.-stior. and maly*?. 
For example, the excretion- of urea ranges from 4.7 gm/day for persons on a y i r >r persons on a 
low protein diet to 3 'i.j gm/dc.y for persons cn a high protein diet 0)5 olein diet (l)} 
ammonia may be present in .larger amounts ns a result of the decomposition of..-, decom; osition of 
urea. Table i. (2) gives a partial listing cf mho constituents of urine 4 tuor.ts of urine 

and their respective, average daily quantities excreted 'ey xbrr'.T healthy . or: 1 h.-alchy 
individuals. Any listing'of the constituents is necessarily incomplete rily incomplete 
because-of the presence of many trace compounds and the difficulties nsec* difficult!., a asso¬ 
ciated with nicrdanulysis for tesjo cripounds. The two gross corrtituents gross cor.-', .tucr.ts 
are urea and sodium chloride. Other*’materials-which are excreted.-in amounts excreted in amounts 
greater then one gran per day ore creatinine, potassium, phosphates nr.u sal- phosphates nr.d sul¬ 
fates. :in analysis of. excretion products in urine ir. greater detail may bo eater detail may bo 
found elsewhere (3) (4). It is of interest w note that the ionic - concentre the ionic concentra¬ 
tion of urine ip approximately 60 /j cf that in yea water; if the urea is if the urea is 
chemically converted to ionic compounds,, the ionic concor.tration of urine ntnation cf urine 
becomes 3 - 3.5 times that of sea water. 
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Table I. analysis of Korwel 

Human Urine 

Constituents 

Grams/1250 cc. 

urea 

30 

creatinine 

1.15 

ammonia 

0.7 

uric f.eid 

0.7 

acid 

0.7 

amino acids 

0,5 

glucose 

0.3 

nrcmatic hydroxy acids 

0,06 

oxalates 

0.015 

sodium. chloride 

15.0 

phosphates (as 1 : ,0,.) 

2.5 

inorganic sulfates (as ip.) 

2.0 

organic sulfates (03 SO-) 

0.3 

neutral sulfur fas 30..) 

0.3 

y 


pota3siuri (as K.O) 

2.5 

calcium (as C.aO) 

0.2 

magnesium (as KgO) 

0.2 

silicates 

0,4 

iron 

0.005 

t. D., l! .\» Ir.troductioiv to Biochemistry," D. Van Hoatrand- Cernd Co 


N.Y., 1931. 
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It -appears that the amount of urea excreted can be reduced substanti^ reduced substantially 
!>y ugo of a low protein diet (1), thus facilitating the recovery of vatopce recovery of water' 
fvi'iu urj r.p. Urea intake bv humans caused diuresis, but no permanently hff-t no permanently harmful 
effects (5). .A high degree of urea removal from urine is desirable though -‘-o desirable though 
not critlcol. The formation of ammonia from, the decomposition of urea reposition of urea roofs 
to to prevented due to the high toxicity of ammonia. 

The southwestern United States have used water ccr.taning 4,000 mg/3. o?-t -rung 4,000 mp/3. of 
total dissolved solids as drinking water on a continuous basic. water °- L ' b- sic. > ctcr 
containing 1,0C0 rog/1 dissolved 3 olids is considered reasonably good. /• rec^on-vly goc-.. • 
dissolved solids content of 10,000 ng/l induces some salt tenacity (6), P?lt to racily (oj. Fcr 
comparison purposos, an isotonic solution is‘approximately 9,000 ag/i of )Rtciy 9,000 r,g/i of Ifafll. 
For emergency conditions, drinking water of 5,000 ing/l dissolved solids ib dissolved solids is 
tolerable. The exact tolerable level i 3 immaterial since the efficiency b?»se the efficiency of 
urine treatment processes to be adopted would bo essentially-constant formally constant for a 
tolerable dissolved solids content less than 10,000 mg/l. In general a 9c/-* 1° general a c j0'/> 

demineralization is required. 

The distillation of urine produces highly odoriferous compounds (7). ‘?’“ 3 compounds (7). The 

vapor KU 3 t be catalytically oxidized at 1200 °f or other extensive post- ~ T extensive post- 
must h‘3 employed . 

treatnsrrh/co produce an necoptabls distillate (£), It is desirablo, therei^ 5 desirable, t-ereiore, 

to avoid the uie of heat in the purification of urine, apart from the limitepcc't from the limita¬ 
tion of power imposed by an emergency situation. 


Sunra vc. * -.rlgp Roouircmcnts 


A-process for the recovery of water from urine for use in falicut shot - ' baa in fallcut shelters 
should operate preferably without external power, have a volumetric recover* 1 ' volumetric recovery 
efficiency of greater than 80, i, provide greater than 9C% removal of the gre# removal of the gross 

AMI J 

constituents,/"compete with the storage of water. The excretion of urine byKcreUnn of urine by 
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nurKal Individuals is -1/dcy with a urea content of 24 .gai/3 
a ]•.•.. protoin diot) aisd a rdnoral content of 0«6 eq/1., Estheti 
(. ' taste, odor, and visual ctipoarance arc of irrportanco in dot* 

: ceptable water, 

Suspected toxic conversion products nsist be United to acc 
cj.-v-'ntior.s based upon physiological effects, s.g», NOg (<10 rag/ 
nai'.-’al Standards for Drinking Voter by v/i’o ond the PHS Drin’ri 
Sto .c'.rd nay no used as crude- guides for general cholic el, phys 
bectorivlogicai criteria. 
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normal individuals is 1.21;. 1/d ay with a urea content of 24 cVl (4 J?>/1 for 
a protoin diet) and a mineral content of 0.6 eq/1. Esthetic considerations 
c ' t :, stc, odor, a;id viseal onpearanee are of importance in determining u-v 
: ceptable water. 


Suspected toxic conversion--products must bo limited to acceptable con- 
c.j-'v -atiens based upon physiological effects, s.g., KOg (10 mg/l). Inter¬ 
na 4 l* ial Standards for Drinking Water by MR) and the PHD DrirA'ir.g Water 
Sci-'.'.rd so used as crude snides for general chemical, physical and 
b-ti-ivriolr.f'icrtL criteria. 
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ICil EXCHANGE 

The utilisation of ion exchange os u meiuoa of treating urine hes been 
explored to a very limited extent. :>ontin.- (v) male use of ion exchange 
resins in laboratory analysis of urine. lie established the total cation 
content of urine by reuovinjj ell of the cations t.dth a small ion exensnge 
column am! by determining t.ie quantity of hydrogen ions in the effluent. Ho 
reported that bettor than V9 percent removal yes achieved from contacting 
0.7 n>eq. of cations with tno exchange resin; nc did net consider the capacity 
of tho resin. i&.feel (IQ) atteiip led to develop a rcethoc. of uaste disposal 
in aircraft by p; ssing urine tarougb a combined union-cation exchanger and 
tnen cy permitting the effluent to be picked vp by a large iddf for evapo¬ 
ration into a uam air stream. It ucs found that the resins '.-ere exhausted 
after tile passage of 4CO mi, of urine. fc>> additional references have 
been'Bade in the. literature to the use of ion exchange as a final purification 
technique folloxdng distillation or froeae-drying. 

I-.uUiulo Jed Ion S isji SShS 

The ion exchange.resins adopted for use in this study uere produced oy 

the Rohm and Haas Company. mbcrJitc IRA 402, a quafernlccd chloro. othy.lat.ed 

« 

polystyrene, uas chosen as the anion exchanger. It is & strongly basic 
resin uith a moisture content of 40-50,; and a suggested capacity of 4.4 mcq. 
per gram (dry basis), ifoerlito IRC 50, a poly(jcothacrylic acid), vao chosen 
as the cation exchanger. It is a vedrjy acidic resin with a moisture content 
of 44-55,' and a suggested capacity of 8.0-10.0 meq. par gram (dry basis). 

It was decided that for the initial studies untreated urine should be tho 
influent to the resins. 
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Cylindrical glass coloiuic, 24 inches in length with an inside diameter 
of 1 7/8 inches, were used to hold, the resins. :& the bottom of each column 
was placed 3/4 inch of glass' v.ocl followed 'ey six or seven glass marbles and 
by another 3/4 .inch layer of glass- wool. The resin was then added and occu¬ 
pied approximately 12 1/2 inches of length of the column, 330 grams (dry'basis) 
another 3/4 inch of glass wool was placed on top of the-resin to prevent 
splattering of the influent end to diffuse tbs influent over the entire sur¬ 
face cf the resin. The influent was delivered at 10 ml, per minute through 
a 600 ml. separatory funnel attached at the top of the .column. 

Two columns were operated in series with untreated urine being passed 
through the column containing IRA 402 (anion exchanger) and with tho efflu¬ 
ent from the anion exchanger being passed through IRC 50-(eaoion exchanger)„ 
This order was adopted to provide an influent to the IRC 50 with a high pH. 

Tho urine was collected from six mala adults over .a period cf several days 
and--.was stored at a temp 3r at’are of 1-4 °C. During the storage periods there 
were nc signs of degradation; the color; Odor; and pH remained unchanged. 

The effluents were generally collected,in 250 ml. batches and wore kept 
refrigerated until ’being subjected to analysis. 

Analyses were carried out to dstsrmine the average characteristics cf 
tbe influent to tho anion exchanger and of tho influent to the cation ex¬ 
changer. Similar to 3 t 3 were applied to a series of effluent samples from 
each column. Hydrogen ion concentrations were determined with a Beckman 
pH meter. Absorptivity measurements were made with a Klatt-Summerson photo¬ 
electric colorimeter, using t number 42 filter (400r465 ®u). The zero point 
cf tho instrument was set with distilled water, and the absorptivity measure¬ 
ments were converted to color unite by comparison with standard solutions 
containing potassium chloroplatinate and cobaltoua chloride (11). Total 






solids '.'gtj determined by evaporation of the samples to dry no os at 103-105 '"’c. 
.jlCnto ion was analysed by precipitation with barium chloride, followed. oy 
ignition of the filter rjric’ae at GOO °C. Chloride was determined voluiretri- 
ecjJv usisr; cil.vvv niirais ana potassium dichronatey and sodium and potassium 
ion concentration^ were •-.scoured with a flsxe photometer. Calcium was analysed 


by a modificationiof the standard permangenate teao and by the SDTA titration 
method (I 1 ). An uiclycis of untreated urine is presented in Table II. This 
represents, the arcrage conporitlon of the influent to rhe anion exchange co2.ui.Tn 


ib.xoarlr. sTz bo l fi or.z ^tc 

The first series of observations was made by passing four liters of 
untreated urine through the onion exchanger. The first 20CO nl. of effluent 
were collected in 250 ml. samples, while the last 2CC0 ml,, after the resin 
bred: point had been reached, wore collected in 500 ml. samples. The pre¬ 
scribed set of analysos wa3 made on each sosrpls and the results were tabu¬ 
lated on the basis of cumulative volume of effluent (throughout volume). 

The analysis for each 250 ml. saaplo ms assumed to apply to 125 nil. of 
throughput volume end for each 500 ml, sample, to 250 ml. of volume. Fig. 1 
presents the relation of the pH of the effluent to the throughput volume. The 
first point indicated applies to the second sample collected} the first sample 
did not provide a, proper measure of the effectiveness of the resin, since a 
large portion of the first 250 ml,. consisted-cf the water which was used in 
preparing the resin for operation. It may be observed that a sharp break in 
the effectiveness of the rosin occurs at 1600 ml, of throughput and that the 
rosin is virtually exhaustod when 2000 ml.', of .eftMuout hnvo boen collActod. 
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Fig. 2 indicates the relation between the ratio ci’ the effluent chloride 
concentration to that in the influent and the throughput volume. t similar 
relation for sulfate is presented as Fig. 3- The rosin appears to bo ex- 
he listed with respect to chloride removal sooner than with respect to sulfate 
•removal and sulfate is still being removed until 4000 ml. of effluent have 
been collected. The rosin's greater capacity for the divalent ion is to be 
expected. The results of the torts for total solids .show a fraction of 0.33 
of the solids in the influent remaining for 5CO «1,,„C,79 for 1000 ml., and 
C.97 for. 1;S0Q ml. The value of this detcrr.inavl.on ic ! lessened by the presence 
of large mounts of ur^a. 

Two sets of cclor tests were ran on the effluent samples;, one set wad 
made one day after the column operaticr., end the other , three day3 after the 
operation. The results are presented in Fig, 4 . In the first day tests a 
definite turbidity began to appeal* in tho samples which corresponded to 
1500 ml. or more of throughput volume. This in part accounts for the relative 
maximum in the first day curve. The third day toots were made to see if the 
turbidity was reduced by sedimentation to ray extent; some reduction had taker, 
place., but a definite cloudiness appeared in the last three samples* Filtra¬ 
tion of these samples caused no significant change in the absorptivity. Tho 
turbidity effects can bo explained in part by the sloughing-off of calcium 
phosphate by the resin. It-is also possible that bacterial action could have 
occurred; however, the samples were kept refrigerated except, during analysis. 

The second series of observations was made by passing the combined 
effluent from the anion exchanger through the column containing IRC 50. It 
was decided that more representative results could be. obtained by using only 
the initial; effluent from the anion oxchangor as feed for the cation exchanger. 
The first 1600 ml, of throughput volume vas of rather uniform concentration 




Throughput Vo turn*, ml. 



















Throughput Volume, ml. 








16 


an;! represented, the effluent fro:) an effectively operatin’ aricn coi.'.cn, Vs 
a result, three anion exchange columns ware set up and 1600 r;\, of untreated 


urine were passed .through eac:i column. The results of the cVysia ere pre¬ 
sented in Table III, The t:t;-_l .absence of calcium ion should to nri.-d. It 


is. li .sly that tiie calcium was precipitated or.o in the anion exchanger as 
calcium phosphate: this was enirnce-d Ivy the ;■ .orated pH at-which the anion 
exchanger operated, although n? quantitative analysis was mode for magnac:’v., 
it scams nreboblj that this i-arlon w n o •■/.so . o..pitched out as magnesium 

hydi oxide; this was qualitatively deter o load from the permanganate celcium 
anr.lycia. 

About 4750 ml- of the confcincd anion excharcor efflusut weio passed 
through the cation exchanger. Tchle IV indicates the variation of the p'-i 
of tho effluent with throug^ut volume. It *cy,-be observed that the column 
vas still operable after 4100 ml. of effluent had been collected. The break 
point; occurs ab efnroximateiy 4500 ml. of- throughput. The results of the 
sodium end potassium analyses arc also presented in Tabic IV. It can again 
be seen that the column was. operating effectively up to the 4500 in?., point.. 

The remaining fraction of total solids,in. uie effluent during the period, ‘before 
exhaustion was on tho average approximately 0.35 that of the influent. The 
color of the effluent was reduced to about 0,5 of that cf tiie influent untxl 
a throughput volume of 3000 ml. was reached. It then rose sharply dus to 
turbidity. 

From tho-.results which have beer, presented it may bo observed that the 
onion exchanger removed approximately 260 ireq. of chloride 8nd 80 meq. of 
sulfate before the resin was exhausted. This corresponds to 1.03 meq, per 
gram of dry resin, Approximately 1500 ml. of untreated urine were pioco3sed' 
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Table II, Analysis 

Tes t_ 

o.l 

cels. -• 
oc.'ori'ie 

caLciicn 
scaiu::. 

r .X- -, 4 

1- -■ ">•**!—I 

to t.al solids 


of Untreated Urine 

:* esu?.ba_ 

/* -* 

11/'3 Wiii.-; 

6,8 gm./l. 

gs,/l, 
0,-3 gni,/l. 
3.7 ga,/l. 

3.3 fb/1. 


A.IJL« 


■ — .1 




Zd-changor 


Teei_._ _ Results 


PH 

12.6 

color 

“0,0 units 

chloride 

1.0 c~‘-. /-• 

sulfate 

0,3 gm./l. 

calcium 

0.0 ga./l. 

sodium 

’ 3,7 gm./l. 

potassium 

3_.3 gn./l. 

total solids 

28,4- gm,/l.- 
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Table IV. Analysis for pH; Sodium, 

arid Potassium of 

Eff] 

i.U'tnt from- 

Cation Exchanger 

Throughput 
Volume (ml.) 


Sodium 
. (sm./l.) 

Potassium 
. (gnu/l.) 

125 

3.4 

i.o- 

0;95 

625 

3.4 

0.8 

0.7 

2125 

4.0 

0.55 

0.3 

4125 

5.0 

0,55 

0.8 

4625 

10.4 

0.75 

1.8 
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before the;resin approached exhaustion, -although- sulfate was 3 tiil being 
removed until the 2500 cl, point. This corresponds to four ml', of effluent 
per cm3 of resin; In addition; significant quantities of caic5.ua-and mag¬ 
nesium were removed, apparently by precipitation; this may have influenced 
the rapid exhaustion of the anion exchanger by forming a film to block 
available exchange sites. The cation exchanger removed approximately 500 meq. 
of nodium and 250 meq. of potassium before the resin was exhausted. This 
corresponds to 2.27 moq. par gram of dry rosin, About 4503 ml. of affluent 
were collected before the resin, approached c •’•'Uintion; tills corresponds tj 
11 ml. of effluent per crP of rosin. Iha coubination of both columns pro¬ 
duced an effluent with' a total solids confront 0,27 of the value for the 
influent. The total solids removal is greater than would be expactsd from 
the sulfate, c.iloride, sodium, and potassium analyses. This may be attributed 
to exchange of other ions, .some urea removal, and the filtering action of the 
exchange beds. The color of the effluent was 40 units compared to 1143 units 
for the influent. Urea removal was negligible. 

M ixed Bed Ion Ex change 

Mixed bed ion exchange refers to the practice of using a mixture of 
cation and anion exchange rosins in a single bad. Such an arrangement allows 
the salt splitting reactions in the exchanger to proceed toward completion- 
more rapidly than in multiple bad ion exchange. 

A mixed bed ion exchanger employing cation and anion exchange resins 
and activated carbon was evaluated for the treatment of urine* In general, 
the amounts of ion exchange resins and activated carbon used in a column 
were estimated from the individual capacities previously determined. 
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Information on the combinations stm-meri :;e:l in Tat]c. V was obtained, /jrsber- 
lite IR 120, a strongly •cf.d.i.o sulfoneted polystyrene; IRA 4*0, a strongly 
basic qnerternsi’y ammonium polystyrene, rninoved. with dimetnyLeihanol amine, 
were employ on £3 exchange resins. Coconut activated carbon, 6-14 end 5C-2C0 
mesh, xsj used for color removal. Breakthrough curves for urea, sodium, and 
chloride ere shown in Fig. 5 UCR? f ratios are shown in TuDle V, 

The average concentrations of the gross constituents of iirine used, as 
fond 'XT-; urea (20,4 gw./. 1 /); K. + , ifa + (7.0 gn./l.) and chloride (9,3 gm./l/). 
An overall UCR of 2 .4, 3.5, ar.d 3.0 were obtained based on the breakthrough 
points for urea, chloride, one! sodium, respectively. The nixed bed ion 
exchange capacity compered with tho sum of capacities of individual compo¬ 
nents Is approximately twofold. The use of silver base cation exchange reein 
with an hydroxide base anion resin roeulting in additional removal of chlo¬ 
ride by precipitation did not improve the UCR since urea concentration in the 
effluent was the limiting factor. It appears that the use of mixed bed ion 
exchange, employing silver base cation, hydrogen base cation, and hydroxide 
base anion resins is best suited for the treatment of urine first freed of 
urea. 

Ir. terms of demineralisation; tiie silver base cation resin gave a UCR 

of greater than 7. However the prevsneo' of .4g,0 in the effluent makes the 

*• 

exclusive use of silver base cation resin impractical. Resin capacity for 
removal of urea from urine is approximately 1/2 the capacity for urea re¬ 
moval from aqueous solution; for demineralization, 1/4 the rated capacity 
for multiple bed operation and: 3/4 the rated capacity for mixed bod opovot.l on. 

"Volumetric ratio of urino trested' to-chemicals required for treatment. 
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Vvcnx Removal by Ion Exchange 

The capacity of IR 120 (H + ) ion exchange rosin for the removal of ’.area 
from aqueous solution was found to be approximately 2.5 times the capacity of 
6-14 mesh coconut activated carbon. For urea removal from urine, the capacity 
ratio was approximately 2. The capacity of the exchange resin for removing 
urea from urine is approximately one-half its- capacity for removing urea from 
an aqueous solution. Fig. 6 shows a comparison of the breakthrough curves. 
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Fiji. 6 


Ureu Removal with Ion Exchange Resins. 
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ADSORPTION OF IRE/. AMD COLOR WITH-ACTIVATED CARBON 

The adsorption of the weakly ionized compound urea by the nonpolar 
adsorbent activated carbon con be described by the Freundlich adsorption 
isotherm equation, 

Va=Kc Vp (1) 

where 

x = amount of urea adsorbed, 
n =' weight of activated carbon, 
c = equilibrium concentration of urea in solution 
y(/v. = concentration of urea in; the adsorbed state, and 
K, p = constants. 

In liquid phase adsorption, the transfer of adsorbate molecules from the bulk 
solution to the carbon surface is followed by migration of the adsorbate from 
the surface to the adsorption sites within the carbon particles. The latter 
is generally the rate controlling step and the rate of adsorption will Increase 
with an increase in the ease of accessibility of sites (larger surface area, 
mmvioi* particle size). Conditions contributing to the success of urea adsorp¬ 
tion from urine by carbon ere (1) urea is a relatively email molecule (high 
diffusivity), (2) the concentration of urea in urine is large in comparison 
with other compounds which say compete for the available adsorption sites, 
and (3) water is not strongly adsorbed by carbon. 

Adsorption columns of two different particle siae, coconut, activated 
carbon ( 6-14 and 50-200 mash) were alloyed to study the adsorption of urea 
from urine. The service time end critical depth of column} the shape of the 
adsorption wavefront and the adsorption wavelength; and the capacity of the 
activated-carbon vert determined. . 
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Scrvico Tim e 


Column service time is defined as the time necessary for the effluent 
.concentration to reach some arbitrarily chossn vdue (quality of effluent). 
One of the most successful theory for the description of column operation is 
the EohsrtrAdams surface reaction rati theory (12). Briefly, the change ir. 
concentration of uric, as a function of time and position i3 due to diffusion 
and adsorption 


3c 

Qz 


* 



whore 



+ R 


(?) 


o = Ursa concentration, 
t a time, 

v = velocity of. flow through column interstices, 
z = column ordinate, in the direction offlow, 

D = proportinality constant,, and 
H = rati of urea adsorption by column,' 

Neglecting molecular diffusion and vritingiEq,. {?.) in terms of the porosity 
(a) and local rate 1 of urea removal (diV'jt), 


9c „ 9c _ 1. 9n 

.8t + b* ~ uQt 


(3) 


Relating'the rate of irreversible adsorption to the column capacity, 


5§1. * “i «<»„ ■ n > W 

where 

N Q = column capacity, gm per gross volume. 











The column capacity is determined by the slope of t vs z| and the rate 

s 

constant Rj, by the intercept* The maximum capacity is dependent q>om 

(1) the shape of the adsorption isotherm, p, 

(2) the.critical dolumn depth, z Q , 
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(3) the flow rate, v, 

(4) the particle else of tUe adsorbent, K-, and 

(5) the arbitrarily tolerated urea concentration in the effluent, c e » 


Kcfrr. ed g 

Analytical procedures for uredj color; pK; end total and fixed solids 
have been described previously. The activated carbon column preparation was 
as follows. The carbon was, first soaked' in hot,distilled water to piu’ge 
adsorbed gases. A one inch plug of glass wool followed by a one inch layer 
of glass beads served as support for the carbon. Care was taken to maintain 
a one inch water seal above the carbon surface during,packing of the columns. 

An 3 ft. head, gravity system was available for the regulation of urine 
flow rate. Qualitative test for chloride in -the effluent, enroloying acidified 
silver nitrate; was used to detect the initial emergence of treated urine, 
giving the chloride wavefront speed. 

Experimental 

The adsorption isotherm for aqueous urea solution at 26 °C shown in Fig, 7 
indicates that the adsorptive capacity of coconut, 6 - 14 - mesh activated carbon 
increases nearly linearly with urea concentration. For urea concentration 
equal to 24 gm./1., x/m = 0.074, i.o., adsorption capacity is 7$5 by weight. 

Fig. 8 shows color and urea removal by 6-14 mesh coconut activated carbon 
column with urine as feed. The small volume of urea free effluent indicates 
that the adsorption wavelength is greater than the column depth.used, >22". 

The column continues to function,effectively for color removal pass the urea 
breaktrhough point. 









Adsorption Isotherm. 

Aqueous Urea Solution 

Coconut Charcoal 6-14 mesh, 26°C 


~l---1- -L _ U. _I 

0;Z 0.4 0.6 0.8 I. 

Urea Concentration , mol/U 


7 Adsorption^ Isotherm for Urea-Activated Caroon System, 












100 200 300 400 500 600 700 

Throughput Volume, ml. 











Three columns of 43" carbon depth,per-column (470 gnu each ) were operated 
2a series and the effluents frca each of the. columns were analysed routinely 
for urea and' pH; and) less frequently, for color and chloride. The shapes 
cf the wave-fronts for each of the columns are(shown in Fig; 9. The capacity 
fox- colut. a 1, found by. graphical integration of the wavefront, was 22.5 gm. 
uro'i/470 gas caroon or 4.3;S. This compared with. a. maximum adsorptive opacity 
of if: for aqueous urea. The percentage of fixed end total solids remaining 
was 4'-‘i arid 92,';, re.-pccfcivoiy. Fixed solids -.;;re slightly reduced, indicating 
some Ionic adsorption (bydx-olytic effect.). Total solids ;/ere reduced «uhsr,r.n- 
fcially, reflecting urea removal, The variation in,pH.also was largely due to 


urea removal and-cay be used as an indicator of the urea breakthrough point. 
Sea Fig. 10. The breakthrough point.for color follows the-breakthrough point 
for urea, although the entire color, ..wavefront was hot .determined; Urea hr calx- 
through points for columns 1j 2 and 3 were-respectively 1040, 2320, end 
4630 .ml; The corresponding wavelengths based' oh, % of the original urea con¬ 
centration in the respective effluents end a constant w&vofront speed of 
0.5 ini/min. (urea detection in.effluent) were 1 -19, 13, and 20.in. farvice 
time for a single column was approximately (45-19)/0.5 = 52 min. Adsorption, 
capacity <?f the-activated cai’bon for urea from,urine was computed from 2q. (6) 
and : experimental values of V. Values of t g vs. 2 are shown in Table VI. 

N was found to be 0,038 gm* .urea per cm gross volume of-entivatad carbon;. 

o - ' ' 

computed from.Eq. (5) and the average experimental value of wavelength 
(19 in.) was found to be 0.034 cm^ gross volume per gm. urbe adsorped per sec. 
Adsorption of urea, from Urine with 50-200 mesh coconut activated* carbon 
is shown in jig. 11. The wavefront is-essentially square, i.e., wavelength 
small and the adsorption rate constant Itj large. The breakthrough point is- 





1.00 2.00 3.00 4.00 500 6.00 Col: I 

1.80 2.80 3.80 4:80 5.80 6.80 Col. 2 
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'Fi'S- 9 Urea Adsorption by Cocvr.ut Char .^-.l. 
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Table 71 


Activated Gerber. Colurui Pcrforr.ar.ee 
Coconut, 6-14 ice eh 


Column 
Length, 
e, cr. 

Ur on Con¬ 
centration 
c 0 , (r/er3 

Volume Ursa 
Treated 
cn.-'* 

Intersties 
Velocity, 

v, cri/soo 

Service 
Time, 
t E , sec 

57 

0.01,93 

293 

0.021 

1760 

<14 

0X2S7- 

10i0 

0,050 

3120 

223 

G..3227 

2020 

0.050 

8450 

342 

0.0227 

4.630 

3;050 

13,900 





Coconut Charcoal, 50-200 mesh 
45 in. Columh, I 3/8 in. Diameter 
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defined more 3harply for 50-200 mesh carbon than for 6 -I 4 mesh carbon. For 
thd fine size activated carbon, increasing the contact time from 45 to 90 
minutes oily increased the urea adsorption from I 4.5 to 13,2 gm. (c o g 5/jc 0 )'. 
4 167, increase in. the adsorption capacity is accounted for due to ths differ- 
ovencc in the urea concentration of tho feeds. Doubling the contact time, 
therefore, increased !! Q by 10^ (N q = 0.04 §h,/cti?). The ratio of adsorptive 
capacity of 50-200 mesh to 6 - 14 -mpsh activated oerfcoh was found to be 2 
(contact ti~ 50 min.). 

For urea> removal, a ICR of 2.4 is possible for 50-200 mesh activated 
carbon and, OCR of 1.2, for 6-14 mash. Increasing contact time oeyohd ser¬ 
vice time improves the urea adsorptive capacity of activated carbon but 
slightly. .The Rchart-i.dcns equations are sufficient for estimating column 
performance characteristics, adsorption capacity for urea from urine is 
approximately 5/7 the maximum capacity obtained with aqueous urea solution. 
Actual adsorption capacities were O.O 38 and 0.045 gm. urea from urine per 
gross cm 6 -I 4 and 50-200 mesh activated carbon, respectively. The reaction 
rate constant is sufficiently large and not a major column design parameter. 




OaIlutioi: cp urea 


Two-methods for the chemical oxidation cf urea in urine were evaluated. 
The first method involves the use of calcium hypochlorite, a commonly avail¬ 
able compound. The second method employs nitrous acid as the oxidising 
agent. This method suffers from the disadvantage that nitrous acid must be 
:>M£ in situ but has tho advantage that the products of oxidation ore entirely 
gaseous. 


C-:-ld aticn of Urea wife Cni dus Myg o cnlor ive 

Aqueous urea solution (2/, g.s ursa/l) and urine (28 gh* uree/l) wore 
treated with !!TH calcium hypochlorite ((>'/,<, available chlorine). The avail¬ 
able chlorine content of the HTH was determined by titration with 0.1H sodium 
thiosulfate and .potassium dichrocatej uroa concentration, by the Kclear. 
areometer. 

The oxidation of urea may bo represented by the overall chemical 
equation 

2C0(UH 2 ) 2 + 3Ca(0Cl) 2 = 2C0 2 + 21L, + 1 . 4« 2 0 + + 601" (3). 

For or. aqueous urea solution (24 gm urea per 1), complete oxidation of urea 
was achieved with a 12555 of the stoichiometric quantity of calcium hypo¬ 
chlorite. The oxidation reaction was accompanied by precipitation of calcium 
carbonate. Approximately 24$ of the. calcium content of calcium hypochlorite 
added wa 3 thus removed in the oxidation step. The approximately linear 
variation of the percentage of urea oxidized with increasing amount of 
hypochlorite is shown in Pig. 12. Por the oxidation of urea in urine, 1/0g 








20 40 60 80 100 120 140 

Calcium Hypochlorite, % of Stoichiometric Quantity 
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yl che stoichiometric amount of hypochlorite was needed for o<*iinp 1 >«to 

A stable, rather voluminous foam va3 formed when a hypochlorite van added 
”o urine. .This was not observed with aqueoui urea. Three methods were con-, 
sidered to overcome this difficulty: 1, the use of a screen as a moclianical 
loom breaker, 2, the addition of a small amount of defoaming agent to the 
urine (such as a silicone derivative) which could later be absorbed from the 
urine, 3. the use of a preliminary absorption step to remove the surface- 
active agents present in urine. The third method seemed most promising., 
particularly if some urea removal could be accomplished. Mechanical and 
chemical.foam breakers were unsuccessful. The filtration of urine through 
activated carbon (25 ml per gm carbon) reduced the learning considerably. 
Precipitation of calcium and chloride ions in solution resulting from 
oxidation of urea would be necessary if ion exchange were to follow. Intro¬ 
duction of silver and carbonate ion3, into a solution containing calcium and 
chloride ions scorned likely to precipitate silver chloride and calcium car¬ 
bonate since the solubility products of these compounds are extremely low. 

Four precipitation methods were evaluated: 1, use^ of a saturated solution 
of silver carbonate in ammonium hydro id-’a, 2. use of dry silver carbonate,, 

3. use of silver carbonate followed by silver oxide, and 4. “so of dry 
silver oxide. Complete removal of both calcium and chloride ions was 
effected by methods 1 and 2, using approximately the stoichiometric quantity 
of silver carbonate (based oh chloride content). The calcium to chloride 
content was 6,7 on an equivalent basis. Analysis showed that addition of 
silver carbonate beyond the requirement for complete precipitation of culo.-ui 
continued to precipitate chloride, but introduced undesirable carbonate ion-, 
into eolution. It was therefore decided to attempt a two .stags precipitation 
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(method 3) using silver carbonate for precipitation of all the calcium and 
part of tho chloride, followed by silver oxide for removal of the remaining 
chloride. T.ie use of ammonium hydroxide as d solvent for the silver carbonate 
'’id not seem to aid the precipitation reaction appreciably; dry silver selte 
were used in all further experiments. Complete removal of both calcium and 
e’.iiorido ions was effected by the two stage precipitation. Silver carbonate 
additions were in stoichiometric quantities kneed on the calcium content and 
silver oxide, in 130 $ of the stoichiometric quantity based on the remaining 
chloride content. The solution after complete precipitation of calcium and 
chloride was highly alkaline. This could 'presumably be attributed to hydrolys 
of silver oxide. 

In alkaline solution dissolved errbon dioxide exists as the carbonate 

ion and in the presence of calcium ion3 i3 likely to precipitate as calcium 

carbonate. Sine silver oxide has both the property of relaying chloride ior.3 

in solution as veil as increasing the alkalinity of the solution, oxidation 

of urea .with calcium hypochlorite in the presence of silver oxide (method 4) 

seemed likely to precipitate both the reaction products, calcium and chloride. 

» 

Jji aqueous solution of urea was contacted -with 125$ of the stoich? .uiotric 
quantity of calcium hypochlorite and 130$ of the stoichiometric quantity of 
silver oxide based on chloride convent. Complete precipitation cf both 
calcium and ohlorido ions uas effected. However, only 90$ of urea removal 
w*3 effected, indicating souc interference. 

Two methods-for tho oxidation.of urea with calcium hypochlorite and fer 
the precipitation of the reaction products, oolcium and chloride ions, seem 
feasible: 

0:ddation with hypochlorite followed by precipitation first with silver 

carbonate, then vith silvor oxide, (method 3), 







Simultaneous oxidation ana precipitation,; using calcium hypochlorite 
end silver oxide, (method 4). 

Table VII compares the properties of the oolvs: >..s,xSlzv treatment by the 
above methods and presents a comparison oi' the chemical requirements. It 
can bo seen that the economics of method 4 seem more favorable than that 
of method 3j since ■,the .price of silver oxide i3 approximately half that of 
silver carbonate; 
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Table VII, Analysis of Solutions Before and 
After Precipitation Treatment 


Property 

Initial 

Solution 

Final Solution 
Method 3 

RLnal Solution 
Method L 

PH 

7.0* 

12.2 

12.4: 

Ca^ 2 , gn/l 

33.2 

— 

— 

Chloride, ga/l 

66.6 

— 

— 

Alkalinity as CaCO^ 




(MY gv/1 

— # 

23.20 

18.50 

C0 3 2 , gn/l 

— ■» 

3.14 

9.50 

W20y , gn/l 

_» 

— 

— 

Urea, gm/'l 

24.0* 

— 

2.50 

•before oxidation 





Chemical Requirements 


Chemical 

Consumption 

Consumption 


gm/1 urea solution 

gm/1 urea solution 

.. - - 



Calcium hypochlorite 

150.9 

169.0 

Silver carbonate. 

180.0 

— 

Silver oxide 

82.5 

305.8 
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Oxidation of .area by Nitrous /cld 

The oxidation of urea in aqueous solution and in urine was investigated 
to determine the extent and rate of reaction and reaction products. The over¬ 
all oxLdation is represented by 

COCNft^ + 2HN0 2 = C0 2 + 2N 2 + 2^0 (9) 

The conversion of urea into only gaseous compounds is ideal from the stand¬ 
point of water recovery. In principle, urea is removed without increasing the 
ionic concentration significantly, e.j., the use of silver nitrite and hydro¬ 
chloric acid. Nitrous acid is known enty in solution and was generated- in 
situ by the addition of an acid, followed by a gradual addition of a nitrite. 

Experimentally, the: extent of oxidation of aqueous urea or urine with 
nitrous acid was determined by measuring the urea concentration prior and 
subsequent to oxidation. The rate of reaction was measured my measuring the 
rate of gas production. Gas collection was by means of a spirometer sealed 
with a saturated salt solution whose pH was low. The products of the oxldatioi- 
and the dominant reactions were surmised from analyses made on the li ,'J.d and 
gaseous phase. 

A number of available analytical techniques and laboratory procedures 
required modification and/or testing to validate tho method for application 
under the particular conditions imposed by either the type or concentration 
of compounds present. The.possible interference of.ammonia on the urea deter¬ 
mination with the Mclean ureometer was found to be negligible. The acidity 
of the sample did not interfere with the determination if a 1 ml sample was 
used. The nitrogen content in the liquid, as determined by the alkaline re¬ 
duction method (11), cannot distinguish between asmonia and nitrogen at a 
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higher oxidation state; It was necessary to analyse for ammonia separately 
by distillation and prior to the nitrogen analysis by the alkaline reduction 
method. The-presence of urea does not give a poeitive nitrogen test by the 
reduction method. The phenoldisulfonic acid test(11), specific for nitrate, 
was found to be unsuitable due to interference from the nitrite in the sample. 

Analysis of carbon dioxide in the gaseous products waa initially made 
with an Orsat apparatus. Subsequent analysis with the barium hydroxide 
method 03) showed that there: were at least two acidic gaaes formed by the 
oxidation of urea with, riirtous acid. A mass spectrum of the gaseous products 
obtained from a mass spectrometer showed the two major acidic gases to be 
carbon dioxide and nitric oxide; 'The measurement of the rate of gas produc¬ 
tion presented no difficulties. 

The experimental jprocedures adopted were as follows. The concentration 
of urea in the mother liquid and in the liquid after oxidation were deter¬ 
mined with the Mclean ureometer, enploying 1 ml samples. Ammonia in the 
liquid) after oxidation waa .found by the distillation method; the nitrogen 
remaining, by the alkaline reduction method. The volume of gas produced was. 
measured at one-minute intervals, up to IS minutes when the reaction was 
essentially completed, A grab.sample (usually 30 ml) was used for the analyc 
of both carbon dioxide and nitric oxide by a modification of the barium hydri . 
ide method. The total acidity waa found by titration with hydrochloric acid;, 
carbon dioxide, from the weight of barium carbonate formed; and nitric oxide, 
from the difference between total acidity and the acidity due to carbon 
dioxide. A mass spectrum waa also obtained on separate grab camples,correspond 
ing to the same time interval. 
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Experimentally, O .84 moles HN0 o oxidized 0*46 moles urea, giving a'yield 
or efficiency of 30 %. Results for several schemes of HN0 2 formation are sum¬ 
marised in.Table VIII. Low yields are associated with phosphoric actd,an 
incompletely dissociated acid; high yields are associated with sulfuric acid,, 
a strongly dissociated acid. Yields obtained with aqueous solutions and with 
urine are similar, indicating little interference,, despite the complex compo¬ 
sition of urine. Foaming was encountered in the oxidation of urine. This 
can be minimized by slowly adding nitrite in solution form. 

The volume of gas produced versus time is shown in Fig. 13. The rate 0 . 
reaction is small after 10-15 minutes. The volume of gas produced at the end 
of 10 , 12, 15 and 60 minutes are 1,19, 1.21, 1.2 2 , and 1.26 1 respectively. 

The acidity of the gas waa found to.be considerably higher than can be 
accounted by carbon: dioxide alone. A comparison of typical values for the 
oxidation of 25 mmol urea with a stoichiometric quantity of nitrous acid Is 
shown in Table IX. The acid gases were absorbed in water or barium hydroxide 
and the determination of nitrogen-in the absorbent was positive, indicating 
the presence of some form of oxide of nitrogen.. The gaseous products, upon 
exposure to air, assured a reddish-brown appearance. This lead to the hypothe¬ 
sis that nitric oxide was present and upon oxidation gave the characteristic 
color of nitrogen dioxide. 

Confirmation that nitric oxide was a 5 major gaseous product from the 
oxidation of urea with nitrous acid was obtained from two additional sources. 
Table X shows the relative values of the significant peaks obtained from 
several mass spectra. No peaks were found between mass numbers 47-108; the 
peak associated with a mass number of 30 corresponds to the excess acidity 
noced above, adding assurance that tka excess acidity waa duo to nitric 






Fig. 13 Gas Production cs a function of Time for the Oxidation 
of Urea with Kitrous Acid. 
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Table VIII. Oxidation of Urea by Nitrous Acid 


Effluent 


Run 

Urea, 

mol/l 

Nitrite, 

rabl/l 

Acid, 

eo/1 

Exesss 

Nitrite 

Nitrite*, 

mil __ 

Urea Ox 
dized. 

1 

0.46 

0.96 

1.08 

no 


t 

>86 

2 

i 

0.84 

0.99 

no 




3 

t 

! 


0.49 

0.84 

no 


- 

60 

4 



1.66 

0;84 

yes 

K 

t. 

0 

84 

5 

* 


0.84 

0.84 

no 


s 

84 

6 



0.97 

0.95 

yes 


! 

85 

! 7 

44 



1.73 

1.14 

yes 



84 

2 8 
o 



1.62 

1.43 

yes 



85 

w 9 



0.84 

0.91 

no 

9.1 

51 

2 io 

•a 



6.84 

0.91 

no 

10.3 

51 

«ii 

a 



1.25 

1.14 

yes 

- 

64 

S 12 

a 



2.51 

2.29 

yes 

- 

85 

£13 



1.74 

1.57 

yes 

28.2 

81 

14 



0;84 

0.98 

no 

1 

.4 

81 

15 



0.84 

1.47 

no 

5.2 

78 

16 



0.84 

1.47 

no 

6.1 

80 

17 

\ 


0.84 

1.47 

no 

• 6.2 

79 

18 

0.46 

0.84 

1.47 

no 

5.6 

30 

19 

4) 

0.38 

0.80 

0.85 

no 


f 

77 

3 20 

0.41 

1.07 

0.84 

yes 


e 

a 

82 

° 21 

0.46 

1.07 

0.86 

yes 

e 

p 

84 

22 

0.34 

0.81 

0.86 

no 

12.0 

74 


Note: n.a. = not available 
•See discussion on page 


Total Acidity, 
meo. _ 

46.1 

47.6 

41.6 

43.6 
44.0 
32.6- 

, 3&.0 

„ Ave, 41.6 

1 

I 

s 

I 

I 

I 

I 

I 
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bio i::. 


Acidity of ciasoous Products 
(Daseci on orddation of 25 atral 
urea in aqueous solution) 


Carbon Dioxide, 

“00. 

Other j-.cid 
Gases, meo. 

24.8 

21.3 

23.2 

24.6 

27.7 

13.9 

23.1 

15.5 

30.1 

13.9 

22.6 

9.4 

23.2 

12.8 

25.7 

15.9 
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Table X. 



Mass Spectrum of Gaseous Products 
Gas Volume, % 


fig. 

150, 

C0£> 

?«. 29 

_?0 


6S 

12 

20 

7o 

1.5 

20.5 

65 

12 

23 

63 

15 

22 

60 

12 

28 

& 

li 

22 




Aire.,# 


Gas 

Volume, % 

Total 

NO 

CO 2 

Volume, 

14.4 

22.7 

— 

1.3 

20.2 

1.69 

11.5 

23.3 

1.39 

15.6 

23.0 

1.42 

16.2 

24.1 

- 

12— 

2?_ 

1*4- 


«e>.:uut?es B- 
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oxide. The sensitivity of the-alkaline reduction method of nitrogen determi¬ 
nation to oxides of nitrogen was evaluated, Witric oxide, nitrous o:c’5e, and 

nitrogen dioxide were dissolved in water and the nitrogen content of the '.idsorb- 
results added 

ent determined. Tho/further evidence that the excess acidity was nitric oxide. 
Tho oxides of nitrogen used had a minimum purity of 99£. While nitric oxide 
and-nitrogen dioxide'.are soluble to some, extent and nitrous oxide is very 
soluble in water, nitrous oxide gave a negative test with the alk ali ne reduc¬ 
tion method. The use of the Saltsr.cn method for analysis of nitrogen dioxide 
(•4), a specific tost for nitrite, ruled out its presence in the gaseous pro¬ 
ducts; the mass spectrum confirmed .this, A positive test for nitrogen in the 
adsorbent indicated waa nitric oxide is present out does not rule out the 
possibility of nitrous oxide since both compounds have a mass number of 44. 

The excess acidity together with the mas3 spectrum indicate that nitrous 
oxj.de vsspresent in small quantities compared with nitric oxide and carbon 
dioxide. See Table X. 

The sensitivity of the reduction nitrogen test to the three oxides of 
nitrogen are summarized in Table XI. For reasonable accuracy, a water to gas 
volumetric ratio of three should be used for the absorption step. A minimum 
volumetric ratio of 10 was adopted for expediency. 

Free ammonia and total nitrogen content of the aqueous urea solution 
after oxidation arc given in Table XII.. The presence of free ammonia indi¬ 
cates that ,e. of the major reactions involved in the oxidation of urea is 
hydrolytic. The quantity of nitrogen present as ammonia accounts for roughly 
onc-half the total nitrogen. The voitnlnrter <>f fch* nitrogen in nltrJie-hitraho. 
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Table XI. Sensitivity of the /Ikaline Reduction 
Nitrogen Test to Oxides of Nitrogen 


Volume Ratio, Detection, 


Gas 

Water/Gas 

$ 

NpC 

0.2 

1 


1.0 

0 


5,0 

0 

NO 

0.2 

7 


0.4 

16 


0.6 

17 


1.0 

41 


2.2 

79 


3.0 

86 


4.0 

100 

«°2 

0.1 

35 


0.2 

45 


0.9 

64 


1.8 

99 


3.5 

100 
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Ave 


Table XII. Ammonia and Total Nitrogen Tests 
on Oxidized Urea Solution. 

(Based on oxidation of 25 mmol, 
aqueous urea.solution) 


Ammonia, 
me N 

Total Nitrogen, 
me N 

Ammonia, 
" * 

107 

212 

50,5 

108 

240 

45.0 

121 

234 

51.7 

126 

280 

45.0 

122 

253 

4B;2 

101 

255 

39.6 

122 

225 

54.1 

. 115 

24.3 
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A synopsis of the major reactions involved in the. oxidation of urea* 
synthesized from :he experimental results and knovn equilibria, is as follows. 
Thu reaction is essentially complete in 10*15 min. The gaseous products 
identified ere nitric oxide, nitrogen,, carbon-dioxide, and water. The pre¬ 
sence of a relatively large concentration of nitrogen compounds remaining 
in the treated uroa solution is due partly to acid hydrolysis of urea and 
partly to the equilibrium between water and nitric and nitrous acids, 

3HN0 2 = H*' + MO” + 2N0+ HgO ( 10 ) 


The equilibirum constant for the reaction is K = 30; the equilibrium is 
the principal source of nitric oxide in the gaseous products and of'nitrogen 
in the oxidized urea solution. Because of the equilibrium, specific nitrite 
and .nitrate tests cannot distingultfo between nitrite and nitrate. The forma¬ 
tion of a relatively .stable foam when urine is oxidized may be minimized by 
pretreating urine‘with activated carbon or by controlling the rate of nitrous 
■acid formation. 

The major reactions involved in the oxidation of urea with nitrous *x.ld 
are 


.NK a . HX 
HN . < 2 

V 0H 


N 2 + HUGO + 2H 2 0 + HX 

(11) 

mo + HgO - 

(V 

8 

+ 

sT 


(12) 

HUGO + »» 2 = 

co 2 + n 2 

+ H 2 0 

(13) 

3HH0 2 = + 

M0“ + 2N0 

+ «2° 

(10) 


. *». 
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The volume of gas resulting from oxidation of 25 mmol urea with a stoichio¬ 
metric amount of nitrous acid was found to be 1.4 1 or 57 mmol; the composi¬ 
tion of the gas on a dry basis vast carbon dioxide* 23$} nitric oxide* 13$; 
and nitrogen, 64$. The quantity of ammonia and nitrite-nitrate present in 
solution was 8.5 mmol each. The yield of the oxidation was 80$ with respect 
to urea. The small percentage of carbon dioxide formed indicated that the 
reaction represented fay Eq. (12) kept some of the carbon dioxide in solution. 
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MISCELLANEOUS METHODS 

Urea forms a precipitate uith paraffins whose ohain length is greater 
than six carbon atoms. The paraffins are insoluble in water, hence a common 
solvent for urea and dodecane or some other paraffin is necessary. The use 
of methyl butanone serves as the common solvent and urea-paraffin crystals 
form in the solvent. The partition coefficient for urea in a water-methyl 
butanone system favors the precipitate formation only when the concentration 
of urea in the water phase is near saturation. This scheme has a potential 
UCR of 50. 

Dixanthydry 1-urea compound is insoluble in the presence of a little 
acetic acid and is readily formed. The high molecular weight and the com¬ 
bining ratio of two molecules of xanthydrol to one molecule of urea gives 
a potential UCR for the urea removal step of four; an overall estimated 
UCR of 2.5. 

The hydrolysis of urea by the enzyme urease is well documented (15)06). 
The hydrolysis product, ammonium carbonate, presents difficulties for the 
subsequent treatment method whether it be eleotrodialyais; distillation or 
an allied method; or a physico-chemical method. The urea in urine may be 
completely hydrolysed in a buffered solution (pH 6.5-7.0) in two hours. 

Our results, using unbuffered urine, indicate 25 hours sre necessary. 

The removal of anmonium carbonate from solution is difficult. The work 
of Brown, et.al.(17), showed that only 1(9 of the amonia was lost in 2-5 
hrs whan a hydrolysed sample of urine was subjected to an average absolute 
vacuum of 10-25 mm Hg. The precipitation of aamoniun magnesium phosphate or 
ammonium calcium phosphate is.possible by the addition of calcium hydroxide 
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to a hydrolysed sample of-,urine buffered ’4th phosphoric acid. Our results 
indicate that 60/, of the water in urine is associated vjith the precipitate 
ad water of hydration. Gee Table ■ XIII. 


Table XIII; Precipitation 61 i rnrconiuin 
Carbonate 

/inmohia Water 


WHjCOp 

med 

Reacted, 

/ 

Recovered, 

% 

200 

61 

56 

100 

56 

62 

100 

66 

72 
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oystcx Jy.ithesis " 

System synthesis, the selection and combination of processes for the 
recovery of water from i me, may be made on the basis of information devel¬ 
oped in this study, knowledge gained from studies related to the manned 
space vehicles (MASA), and the experiences of world War II. Systems which 
ore feasible at present do .not have necessarily an overwhelming advantage 
over the storage of water. 

the capacities of the several physico-chemical methods for the purifies, 
tion cf urine may be summarized as follows! 

1. Mixed bed ion exchange is superior to multiple bed ion exchange. 
Demineralization capacity for mixed bed ion exchange is approxi¬ 
mately 3/4 the rated capacity; for multiple bed ion /change, 

1/4 the rated capacity. 

2. the ion exchange resin IR 120 can remove urea from urine; capacity 
is approximately 1/2 the rated capacity in meq/cm3 resin. 

3. Activated coconut charcoal was effective for the removal.of color 
and urea from urine. The capacity of charcoal is 1/2 that of the 
IR 120 resin. The main advantage of charcoal is its ability to 
remove color and frothing agents from the urine. Porno chloride is 
removed due to a hydrolytic reaction. 

4. Urea may be oxidized chemically by calcium hypochlorite. Approxi¬ 
mately 140 $ the stoichiometric quantity is needed. The ionic con¬ 
centration of the urine is increased by the impurities present in 
the hypochlorite (CaCl.) and by the oxidation products (CaC^) and 
reduced through the precipitation of calcium sulfate. 
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5. Urea oxidation by • *trous acid would require a y0% excess over the 
stoichiometric requirement. The ionic concentration of the urine 
is increased due to the nitrite-nitrate equilibrium, 

6 . The hydrolysis of urea by the enzyme urease is‘rapid wnen urine is 
buffered with respect to pH by the use of phosphoric acid; The 
product of hydrolysis, ammonium carbonate, remains in solution. 

7. Ammonium ion may be precipitated from solution as ammonium calcium 
phosphate; The compound is highly hydrated and retains up to 50$ 

the water treated. 

For the purpose of comparing the various -systems synthesizeu on some 
standard basis, the composition of urine may be classified into two major 
categories: ttre->. (6.4 mol/l)> anions and cations (0.3 eq/l each). Suide- 
iines sot x'orth by UASA nay be used to assess penalties, for power requirement 
of the system: 

"Electrical power used by -the system: shall be charged to the 

weight of the system at a rate of 0.3 lb per viatt used." 

For the process considered to be the best suited for manned space flight, 

the vacuum distillation.method, post-treatment with 160 gin activated carbon 

an.;!-pre-. treatment with 3 ml. 93$ sulfuric-acid were required per nan-day 

of,-urine (13). There is some doubt as to the potability of the water pro¬ 
of 

duccd by this process, evon with pre- and.post-treatment, because/the reported 
30-60 ppm cf free einir.onia in the recovered ’water. 

The emergency Kits used for demineralization of 6aa water for flyers 
indicate that the capacity of ion exchange resins for demineralization is 
approximately 0,75 eq per 100 gm resin. The corresponding capacity for 
treating urine must be reduced in accordance with item (1) above. 


v 
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A comparison of the: systems aVv.JJ.oo3e for water recover from urine is 
given in Table XIV; newer processes.' in the investigative stages are also 
shoim. Power penalty was estimated at 0,4 ft-, the volume of fuel oil 
necessary to evaporate water at 1Q0£ efficiency. This is a fairly repre¬ 
sentative figure. For example, the smaller amount of heat recuirecl' for 
evaporation at lower temperatures is compensated by the increased energy 
needed for the compressor in the case of vapor compression. 

Some possible systems employing physico-chemical methods aro: 

1. Mixed-".ed ion exchangc-thc use of fit.. /JO and Ift 120 resins v for 
demineralization, III 120 resin for-.urea removal', followed by 
activated carbon for color and odor reduction. The required 
activated carbon may be divided to give pre- and post-treatment. 

The pre-treatment enables the ion exchange resins to function- 
more "effectively by removing non-polar and weakly ionized organic 
compounds and suspended solids.. 

2. Chemical-oxidation of urea with calcium hypochlorite followed by 
precipitation of calcium and chloride; anq-oy ion exchange \demin- 
eralization. The packaging of the hypochlorite and resins can 
minimize tho bulk of materials required. Color is removed 'dth the 
precipitation step. 

3. ,The use of zeolites for demineralization followed by activated 
carbon and IR 120 rosin for the removal of urea. 

The volume of urine treated to volume of chemical required (URC) ratio 
of 3 to 4 can-be improved by limiting the amount of protein in the indivi- 
dua&diet. The excretion of ureavean be-reduced by a factor of 2-7 (1 )(19) 







with a corresponding increase in the UOh for the physico-chemical methods 
*- '■! maximum value of 10 but the distillation .raid associated methods do.ibt 
benefit from a lover urea content in the urine. Term.'ncl. disinfection for 
the ■ jve methods by chemical means should be included. 
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Table XIV* Represents Id v ci‘ Current Victor Recovery Techniqu 

Capacity, 20 1b,/duy; 14 flay mission 
(420 lb. or 6,73 ft. 3 } 

Volume Ratio 1 


Prce.\ss 

5,sic 2 

Pi'e- and Post- 

I’ov;'- Pcnc.Vtv 3 Treatment Included 

’•'r ~>,c- !)ictillabic*i 

zz 

? 

X 

Vac.usi Distillation 

X 

A 

A 

Vacuum pyrolysis 

2 

1.7 

1.4 

apoj Compression 

3.5 

•• 2.2 

2.6 

Keinbrano Elcctrcdielysis* 

IjK 

7.5» 

3.7* 

phyioo-Chcmical Methods 

3-4 

3-4 

3 

Comparison of Relatively New inter Recovery Techniques 

Capacity, 30 Ib./iay; 14 day niaaicn 

* 

(420 lb. or 

6.73 ft, 3 water) 


Process 

Bcsis 2 

Pre- and Post- 

Power Penalty* Treotoc-nt Included- 

.lone Refining 

X 

X 

X 

Electrolysis Cell-Fuel.Cell 

V 

X 

X 

Spray Condenser 

3.5 

2.S 

2.0 

Membrane Permeation 

9 ; 

? 

? 

Ultrefiltration 

7 

7 

7 . 

Thermoelectricity 

7 

V 

•?r 


Notes: 


1, x donotes volume requirement greater than that required for tho 
storage of water, 

2, Stored water/apparatus, 

3, Same as note (2) with power penalty, and 
# Urea removal not included. 
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